Approximately 50% of (frontotemporal dementia) FTLD cases are characterized by cellular aggregation and mislocalization of TDP-43 (i.e., FTLD-TDP). TDP-43 normally localizes to the nucleus and regulates transcriptional control, splicing, and RNA processing ([@bib23]; [@bib22]). In FTLD-TDP, nuclear depletion of TDP-43 occurs, often in neurons containing cytoplasmic TDP-43 aggregates ([@bib19]). The mechanisms underlying TDP-43 mislocalization in FTLD have not been characterized, and whether TDP-43 mislocalization plays a causal role in neurodegeneration remains controversial ([@bib16]). FTLD has sporadic and familial forms. Mutations in the *GRN* gene that cause progranulin haploinsufficiency are a common cause of familial FTLD-TDP ([@bib5]). Aged *Grn*-KO mice exhibit FTD-like behavioral abnormalities but lack TDP-43 mislocalization or neurodegeneration in cortical regions ([@bib1]; [@bib27]; [@bib17]).

Retinal abnormalities are documented in Alzheimer's disease (AD), progressive supranuclear palsy (PSP), Parkinson's disease, and multiple systems atrophy ([@bib13]; [@bib7]; [@bib25]; [@bib21]; [@bib2]; [@bib12]). Due to the clinical accessibility of the retina, new retinal imaging techniques under development hold promise as potential diagnostic and prognostic modalities for neurodegenerative diseases ([@bib15]). However, whether retinal abnormalities are an early or late disease phenomenon has not been established. Here, we identify retinal neurodegeneration as a novel disease-related phenotype in human subjects with *GRN* mutations before clinical symptoms of dementia. In *Grn*-KO mouse, retinal neuronal loss is preceded by depletion of nuclear TDP-43. We further explore the role of Ran, a central regulator of nuclear trafficking, in TDP-43 nuclear depletion and degeneration in *Grn*-KO neurons. Our findings suggest a novel relationship between TDP-43 and Ran-mediated nuclear trafficking in FTLD pathogenesis.

RESULTS AND DISCUSSION
======================

Early retinal abnormalities in humans with *GRN* mutations and *Grn*-KO mice
----------------------------------------------------------------------------

Because retinal neuron loss occurs in other neurodegenerative diseases, we suspected that retinal neurons could be a vulnerable neuronal population in humans with progranulin haploinsufficiency secondary to *GRN* mutations. Using optical coherence tomography (OCT), we measured retinal nerve fiber layer (RNFL) thickness and macular volume in living human control subjects and subjects with *GRN* mutations. The RNFL constitutes the axonal compartment of retinal ganglion cells (RGCs) and, as such, is a surrogate measurement of RGC number. Macular volume is a combined measurement of all of the layers of the retina within the macula. We observed significant reductions in RNFL thickness and macular volume in subjects with *GRN* mutations compared with controls, indicating that retinal neuron loss occurred in these subjects ([Fig. 1, A and B](#fig1){ref-type="fig"}; and [Fig. S1](http://www.jem.org/cgi/content/full/jem.20140214/DC1){#supp1}). A substantial number of the *GRN* mutation carriers enrolled in our trial (7/12) were cognitively asymptomatic. Intriguingly, we found that this subgroup of asymptomatic *GRN* mutation carriers also had significant reductions in RNFL thickness and macular volume ([Fig. 1, A and B](#fig1){ref-type="fig"}). We then analyzed individual neuronal layers of the macula via an automated segmentation algorithm, to determine the volumes of the ganglion cell complex (GCC), inner nuclear layer (INL), and outer nuclear layer (ONL) in the maculae of control and *GRN*-mutation carriers ([Fig. 1 C](#fig1){ref-type="fig"}). Significant thinning of the GCC and INL, but not ONL, was observed in *GRN* mutation carriers ([Fig. 1, D--F](#fig1){ref-type="fig"}). The volume of GCC was significantly reduced even in asymptomatic carriers, further implicating RGC loss as an early neurodegenerative phenotype in subjects with progranulin deficiency ([Fig. 1 D](#fig1){ref-type="fig"}).

![**Progranulin deficiency causes retinal neuron loss in humans with *GRN* mutations and retinal neuron loss/dysfunction in a progranulin-deficient mouse model of familial FTLD.** (A and B) RNFL thinning (A) and macular volume loss (B) occur in humans with progranulin haploinsufficiency caused by *GRN* mutations and precede dementia onset. Each dot represents value of an individual eye, and bars represent median values. Asymptomatic *GRN*-mutation carriers (CDR = 0) are shown in blue and symptomatic *GRN* mutation carriers (CDR score ≥ 0.5) are shown in red. Control age- and sex-matched subjects are represented by gray dots. (C--F) Macular ganglion cell loss occurs in *GRN* mutation carriers and precedes dementia onset. An automated segmentation algorithm (C) was used to determine the volumes of GCC (D), INL (E), and ONL (F) in the maculae of control and *GRN* mutation carriers (D--F). Results represent a single cohort of *n* = 24 control subjects and 12 *GRN* mutation carrier subjects (7 asymptomatic, 5 symptomatic), and p-values were generated via mixed-effects linear regression analyses. (G) Progranulin expression occurs in the GCL and photoreceptor inner and outer segments (IS, OS) of mouse retinas. Immunostaining of progranulin and DAPI staining of nuclei are shown in a representative retinal cross section. (H) RNFL thinning and loss of inner retinal neurons shown in H&E-stained retinal cross sections from 18-mo-old *Grn* KO mice. Representative sections equidistant to the optic nerve are shown. (I) Quantification of RNFL layer thickness. *n* = 5--7 mice/age/genotype; \*, P \< 0.05, one-way ANOVA with Tukey's post-hoc analysis, 2 independent experiments. (J) Loss of Neu-N--positive neurons in the GCL of 18-mo *Grn* KO retinas. Neu-N--positive cells in the GCL were quantified in sections equidistant to the optic nerve head. *n* = 5--7 mice/age/genotype; \*\*, P \< 0.01, one-way ANOVA with Tukey's post-hoc analysis, 2 independent experiments. (K) Impaired light-evoked RGC electrophysiological responses in aged *Grn* KO mice. Electroretinograms (ERGs) were performed on 12- and 18-mo-old mice, and the amplitude of the photopic-negative response (PhNR, a RGC-specific waveform) was quantified. *n* = 6 mice/age/genotype; \*\*\*, P \< 0.001 at 18 mo of age via repeated measures two-way ANOVA with Bonferroni's multiple comparison test; 2 independent experiments. Bars: (C, G, and H) 50 µm.](JEM_20140214_Fig1){#fig1}

We then determined if a similar phenotype occurred in *Grn*-KO mice. Total retinal progranulin expression levels were similar to those in the brain, based on ELISA (unpublished data), with prominent expression in RGCs and photoreceptors ([Fig. 1 G](#fig1){ref-type="fig"}). Despite a lack of significant neurodegeneration in the brain ([@bib1]; [@bib27]), we observed progressive, substantial thinning of the RNFL and a loss of ganglion cell layer (GCL) cells in 18-mo-old *Grn*-KO mice ([Fig. 1, H--J](#fig1){ref-type="fig"}). In agreement with the pathological alterations, electrophysiological abnormalities in *Grn*-KO mouse retinas paralleled GCL neuron loss. At 18 mo, but not 12 mo, of age, *Grn*-KO mice had substantially reduced amplitudes of photopic negative responses (PhNRs), a measure of RGC function ([Fig. 1 K](#fig1){ref-type="fig"}). Amplitudes of a- and b-wave responses were also significantly reduced in an age-dependent manner in *Grn*-KO mice, indicating additional dysfunction of inner nuclear layer neurons and photoreceptors (unpublished data).

Nuclear depletion of TDP-43 in *Grn*-KO retinal neurons precedes neurodegeneration
----------------------------------------------------------------------------------

Loss of nuclear TDP-43 is commonly observed in postmortem brain tissue from patients with FTLD-TDP ([@bib19]; [@bib9]), including FTLD associated with *GRN* mutations ([Fig. 2 A](#fig2){ref-type="fig"}). However, the mechanism of nuclear depletion of TDP-43 in FTLD is unknown, and it remains unclear if loss of nuclear TDP-43 plays a causal role in FTLD pathogenesis. At 18 mo of age, levels of nuclear TDP-43 were strikingly reduced in *Grn*-KO retinal GCL neurons, whereas levels of cytoplasmic TDP-43 were unchanged ([Fig. 2, B and C](#fig2){ref-type="fig"}). Depletion of nuclear TDP-43 also occurred in 12-mo-old *Grn*-KO mice, before significant GCL neuron loss ([Fig. 2 D](#fig2){ref-type="fig"}). Interestingly, neither nuclear nor cytoplasmic TDP-43 inclusions were found in the \>100 Grn-KO GCL neurons we examined ([Fig. 2 B](#fig2){ref-type="fig"}). Thus, in progranulin-deficient FTLD-TDP, nuclear depletion of TDP-43 and neurodegeneration can occur independent of cytoplasmic TDP-43 accumulation/aggregation. These results are consistent with observations that TDP-43, especially nuclear TDP-43, is required for neuron survival ([@bib26]; [@bib14]; [@bib3]).

![**Nuclear depletion of TDP-43 occurs in retinal neurons before neurodegeneration.** (A) Post-mortem brain tissue from a human *GRN* mutation carrier was co-stained with the nuclear marker DAPI (blue) and an anti--TDP-43 antibody (green). Normal TDP-43 distribution is still observed in some neurons (arrowhead), but other neurons exhibit nuclear depletion of TDP43 (arrow) with or without apparent cytoplasmic inclusions. Bar, 10 µm. (B) Immunofluorescence confocal microscopy of TDP-43 in 18-mo-old retinal GCL neurons. Brightness of the TDP-43 channel was increased in insets to highlight loss of nuclear TDP-43 in *Grn* KO neurons. Bar, 1 µm. (C) Scatter plot of nuclear and cytoplasmic intensities of TDP-43 in GCL neurons of 18-mo-old *Grn* KO mice. *n* = 121--174 cells from 6 mice/genotype; \*\*\*, P \< 0.001, mixed-effects multivariate linear regression mode; 2 independent experiments. Bars represent median values. (D) Significant reduction in the nuclear/cytoplasmic TDP-43 ratio was observed in 12-mo-old *Grn*-KO GCL neurons (\*\*, P \< 0.01) and 18-mo-old *Grn*-KO GCL neurons (\*\*, P \< 0.01). *n* = 217--357 cells from 5--7 mice/age/genotype, mixed-effects multivariable linear regression model; 2 independent experiments. Mean ± SEM is shown.](JEM_20140214_Fig2){#fig2}

TDP-43 regulates Ran mRNA levels and requires Ran for nuclear localization
--------------------------------------------------------------------------

We then explored how nuclear clearing of TDP-43 occurs in FTLD. The small GTPase Ran is a master regulator of nuclear transport ([@bib18]), and Ran accessory proteins are necessary for nuclear TDP-43 localization ([@bib20]). We hypothesized that Ran expression might be altered in our retinal FTLD model and contribute to nuclear TDP-43 depletion. Indeed, nuclear Ran was significantly depleted in *Grn*-KO GCL neurons ([Fig. 3, A and B](#fig3){ref-type="fig"}), and nuclear TDP-43 levels correlated with those of nuclear Ran ([Fig. 3 C](#fig3){ref-type="fig"}). Moreover, in the inferior frontal gyrus of three patients with FTLD-TDP due to *GRN* mutations, we found a significant correlation between nuclear depletion of TDP-43 and Ran ([Fig. 3, D and E](#fig3){ref-type="fig"}).

![**Nuclear clearing of TDP-43 and Ran are pathologically associated in FTLD-TDP.** (A) 18-mo-old GCL neurons from WT and *Grn*-KO retinas were co-stained for TDP-43 and Ran. Nuclei were labeled with DAPI. (B) Nuclear Ran levels in 18-mo-old GCL neurons. *n* = 165--278 cells from 6 mice/genotype; \*, P = 0.019, linear regression model; 2 independent experiments. Scatter plot of individual cell intensities with medians shown. (C) Nuclear Ran and TDP-43 intensities are correlated in *Grn*-KO GCL neurons. Each dot represents a single cell. *n* = 165 cells from 6 *Grn*-KO mice; r = 0.8963; P \< 0.001, Spearman's rho; 2 independent experiments. (D) Immunofluorescence co-staining of *GRN* mutant human cortex shows depletion of Ran and TDP-43 in the same neuron (noted with an arrow; compare to neurons with high levels of TDP-43 and Ran \[arrowhead\]). (E) TDP-43 and Ran levels correlate in cortical neurons from human *GRN*-mutation carriers. Shown are the correlation analyses of nuclear Ran and TDP-43 intensities of individual neurons from post-mortem brain. *n* = 111--141 cells from each of 3 subjects;, r = 0.56; P \< 0.001. The serum progranulin levels were 19.3--21.2 ng/ml for R493X carrier (control patients: 41.3 ±15.5 ng/ml). Spearman's rho. Bars: 2 µm (A), 10 µm (D).](JEM_20140214_Fig3){#fig3}

To understand the mechanisms underlying the intimate correlation between nuclear TDP-43 and Ran, we next assessed whether Ran mRNA is altered in the brains of FTLD-TDP-43 patients, in which TDP-43 is mislocalized. By mining an existing mRNA-expression database comparing healthy control versus *GRN*-mutation-carrying FTD subjects ([@bib8]), we found that cortical Ran expression was reduced by 60% in human subjects carrying a *GRN* mutation (P = 0.04). As TDP-43 regulates the expression of thousands of genes, in many cases by binding directly to mRNAs and altering their stability ([@bib22]), we explored the possibility that Ran mRNA is a substrate of TDP-43. Indeed, analyses of a published unbiased screen of the TDP-43--RNA interactions ([@bib23]) revealed that TDP-43 binds to the 3′ UTR of Ran mRNA ([Fig. 4 A](#fig4){ref-type="fig"}). Moreover, inhibiting TDP-43 expression by shRNA-mediated knockdown significantly reduced levels of Ran mRNA ([Fig. 4 B](#fig4){ref-type="fig"}) and protein ([Fig. 4, C--D](#fig4){ref-type="fig"}) in N2A cells. Ran mRNA levels were also reduced in retinas of aged *Grn* KO mouse ([Fig. 4 E](#fig4){ref-type="fig"}), consistent with our observations of nuclear depletion of TDP-43 in the retinas of *Grn* KO mice ([Fig. 3 A](#fig3){ref-type="fig"}). These findings suggest that nuclear depletion of TDP-43 in progranulin-deficient neurons could down-regulate Ran.

![**Maintenance of functional TDP-43 and Ran by an interdependent feedback loop and improved survival of *Grn*-KO neurons by exogenous Ran expression.** (A) Snapshot of unique reads from the TDP-43 RIP library mapped to the Ran gene shown. Reads mapped to the 3′-UTR of Ran indicate TDP-43 binding. No reads mapped to the Ran gene from the Ctrl RIP library. (B) TDP-43 knockdown in N2A cells results in a reduction in steady-state Ran mRNA levels, as measured by Q-PCR. *n* = 12 wells/group; \*\*\*, P \< 0.001, Student's *t* test; 3 independent experiments. (C) Representative Western blot showing reduced Ran protein levels after TDP-43 knockdown. (D) Quantification of (C). *n* = 9 wells/group, \*\*\*, P \< 0.001, Student's *t* test; 2 independent experiments). (E) Ran mRNA expression is reduced in aged *Grn* KO retinas. Q-PCR results from homogenized whole retinas from 10--12-mo-old mice shown. *n* = 15--16 mice/genotype; \*, P = 0.014; Student's *t* test; 2 independent experiments. Bars, 10 µm. (F--G) Ran is necessary for nuclear localization of TDP-43. (F) Representative images showing subcellular localization of TDP-43 in cortical neurons cotransfected with TDP-43-GFP and either empty vector, mCherry-Ran, mCherry-RanQ69L, or mCherry-RanT24N. TDP-43-GFP is present in the nuclei of neurons transfected with mCherry and mCherry-Ran, but is significantly reduced in nuclei of neurons transfected with either of the Ran mutants (arrowheads, dashed lines). (G) Quantification of the ratios of nuclear/cytoplasmic TDP-43-GFP. *n* = 21 cells/transfection; \*\*\*, P \< 0.001, one-way ANOVA with Tukey's post-hoc analysis; 2 independent experiments. (H--I) N2A cells were transfected with siRNA against *Grn*. Levels of Ran (H) and TDP-43 (I) were quantified via Western blot 7 d after transfection. *n* = 6 wells/group; \*\*, P = 0.002 (TDP-43); \*\*, P = 0.006 (Ran); 2 independent experiments. (J) Living wild-type or *Grn* KO primary neurons transfected with GFP + empty vector (control) or GFP + Ran were imaged longitudinally by automated microscopy at 24--48-h intervals for 7--9 d. Kaplan-Meir survival analysis was used to create cumulative risk of death functions for each population of transfected neurons. \*\*\*, P \< 0.001 (log-rank test); *n* = 423 neurons (WT Ctrl), 518 neurons (KO Ctrl), 427 neurons (WT Ran), and 463 neurons (KO Ran); 3 independent experiments pooled. (K) Primary cortical neurons from wild-type or *Grn* KO mice were transduced with AAV-GFP (control) or AAV-GFP-P2A-Ran. 1 wk later, neurons were fixed and processed for TDP-43 immunostaining. Nuclear TDP-43 levels were quantified via Volocity. *n* = 101--478 cells imaged from 6--12 wells of a 96-well dish; \*, P \< 0.05 (mixed-effects multivariate linear regression model); 3 independent experiments. Means ± SEM shown (B, D, E, G--I, and K).](JEM_20140214_Fig4){#fig4}

Ran is required for nuclear transport of the majority of proteins that shuttle between the nucleus and cytoplasm ([@bib24]). To determine if inactivation of Ran is sufficient to cause nuclear depletion of TDP-43, we expressed dominant--negative RanQ69L (which cannot hydrolyze GTP) or RanT24N (which is nucleotide-free or GDP-bound) in cortical neurons. Both of these Ran mutants caused TDP-43 mislocalization ([Fig. 4, F and G](#fig4){ref-type="fig"}), indicating that TDP-43 requires functional Ran for import into the nucleus.

Enhancing Ran expression improves the survival of progranulin-deficient neurons
-------------------------------------------------------------------------------

The results of the prior experiments suggested a model of a reciprocal depletion of nuclear TDP-43 and Ran: loss of nuclear TDP-43 down-regulates Ran mRNA, and Ran dysfunction depletes nuclear TDP-43. Indeed, acute knockdown of progranulin levels in N2A cells via siRNA reduced both TDP-43 and Ran protein expression ([Fig. 4, H and I](#fig4){ref-type="fig"}). To directly test this model, we hypothesized that augmenting Ran expression would increase nuclear TDP-43 and improve the survival of *Grn*-KO neurons. An automated microscopy approach was used to quantify the effect of Ran expression on neuron survival ([@bib4]). In this assay, individual GFP-transfected neurons are repeatedly imaged over multiple days, thus generating longitudinal survival curves for cohorts of neurons from different genetic backgrounds and/or those expressing different plasmids. Previous studies have established that progranulin-deficient cortical neurons exhibit enhanced vulnerability in culture ([@bib11]; [@bib10]). Indeed, primary *Grn*-KO cortical neurons had shorter lives than wild-type neurons ([Fig. 4 J](#fig4){ref-type="fig"}). Expression of exogenous Ran enhanced the survival of *Grn*-KO neurons, but not wild-type neurons ([Fig. 4 J](#fig4){ref-type="fig"}). Consistent with our findings in the retina of *Grn*-KO mice, primary *Grn*-KO cortical neurons had decreased nuclear TDP-43 expression, which was increased by expression of exogenous Ran ([Fig. 4 K](#fig4){ref-type="fig"}).

In conclusion, our findings provide strong evidence of early retinal abnormalities in *GRN* mutation carriers. Retinal thinning occurred in cognitively asymptomatic GRN mutation carriers (who are at high risk for future dementia), indicating that retinal neuron loss is an early phenomenon that can precede clinical symptoms in FTD. Because small changes in retinal thickness can be reproducibly measured longitudinally via OCT, retinal imaging could be a useful modality for assessing response to therapeutics in early disease stages of progranulin-deficient FTD. Further study will be needed to establish the rate of retinal degeneration in *GRN* mutation carriers. The reasons why RGCs are particularly susceptible to death in *GRN* mutation carriers are unclear. RGCs have long axons and due to their central role in vision they have a high metabolic demand; both of these characteristics may contribute selective vulnerability in the setting of progranulin deficiency.

We also observed a retinal neurodegenerative phenotype in *Grn*-KO mice that parallels our observations in humans, establishing the retina as a new model system in which to study mechanisms of neurodegeneration in FTLD-TDP. Our findings support a pathogenic loop involving reciprocal depletion of nuclear TDP-43 and Ran as a potential mechanism of neurodegeneration in FTLD-TDP. In this model, loss of function of TDP-43 via nuclear depletion contributes to neurodegeneration and can occur without cytoplasmic TDP-43 aggregation. Loss of Ran expression, potentially in combination with other associated nuclear transport factors, impairs transport of TDP-43 to the nucleus ([@bib20]). In turn, loss of nuclear TDP-43 lowers Ran levels, which could further deplete nuclear TDP-43. These data may point toward novel therapeutic strategies aimed at restoring nucleocytoplasmic transport as a means to improve neuronal survival in neurodegenerative diseases.

MATERIALS AND METHODS
=====================

### Human subjects.

Subjects enrolled through the UCSF Memory and Aging Center in whom *GRN* mutations were identified and age- and sex-matched control subjects without a history of neurological disease were invited to participate in our study. A standardized clinical evaluation was performed on all *GRN* mutation carriers at the UCSF Memory and Aging Center by board-certified neurologists who had additional training in behavioral neurology. For *GRN* mutation carriers, based on the results of this clinical evaluation, subjects were then subgrouped into asymptomatic *GRN* mutation carriers (CDR = 0, *n* = 7) and symptomatic *GRN* mutation carriers (CDR ≥ 0.5, *n* = 5). One *GRN* mutation carrier had a prior diagnosis of age-related macular degeneration. This subject was included in the analysis (exclusion of this subject from analysis did not meaningfully affect statistical significance of RNFL thinning or macular volume loss). No other control subjects or *GRN* mutation carriers had a history of ophthalmological disease or ocular surgery.

Written informed consent was obtained from all participants with capacity. Written informed consent was obtained from a designated surrogate decision maker in subjects deemed unable to provide informed consent due to diminished capacity, but we only enrolled subjects who were able to assent. The UCSF Committee on Human Research (CHR) approved this protocol, and the study was performed in accordance with the Declaration of Helsinki.

### Retinal imaging.

We performed spectral domain optical coherence tomography (OCT) at the UCSF Neurodiagnostics Center using a Heidelberg Spectralis instrument (Heidelberg Engineering, Heidelberg, Germany). A trained technician blinded to patient diagnosis and to genotype (when relevant) performed all scans and repeated each measurement at least three times. Mean RNFL thickness was determined using a peripapillary B-scan 3.4-mm from the center of the papilla. Images were evaluated by a blinded technician to meet prespecified image quality criteria, including signal intensity and beam uniformity. For this analysis, we analyzed and averaged the RNFL thickness and macular volume of all interpretable scans. RNFL thickness and macular volume was measured using automated software provided by Heidelberg. Segmentation analysis of macular scans was then performed to determine the volume of individual neuronal layers via a proprietary, validated computerized algorithm (Heidelburg Engineering, Heidelburg, Germany). Layers analyzed included the ganglion cell complex (GCC; comprising ganglion cell neuronal cell bodies, their dendrites, and axons projecting from underlying inner nuclear layer neurons), the inner nuclear layer (INL), and the outer nuclear layer (ONL).

### Statistical analysis for human subjects.

RNFL thickness, macular volumes, and segmented macular volume were analyzed in human subjects. We used multiple linear regression analysis to compare differences between *GRN* mutation carriers and unaffected controls. Adjustment for age and sex did not meaningfully change the results, so we elected to report unadjusted values. To account for inter-eye correlations, when two eyes from the same individual were analyzed, the standard error was adjusted using the clustered sandwich estimator. P \< 0.05 was considered significant. Analyses were performed using STATA 12.0.

### Mice.

Wild-type and *Grn*-KO mice were obtained from R.V. Farese's laboratory (University of California, San Francisco, CA; [@bib17]). Mice used in experiments shown in [Figs. 1](#fig1){ref-type="fig"}--[3](#fig3){ref-type="fig"} were of a mixed background consisting of 62.5% C57BL/6J, 12.5% 129Sv/Jae, and 25% FVB. Mice used in experiments shown in [Fig. 4](#fig4){ref-type="fig"} were fully backcrossed into C57BL/6J. Age- and sex-matched mice from the same genetic background were used as controls for *Grn* KO mice.

### RNFL and GCL neuron quantification.

16-µm transverse sections of WT and *Grn*-KO mouse eyes were made and stained with H&E/Neu-N, and the center sections (as determined by the center of the optic nerve head) were imaged via light/fluorescent microscopy, respectively. The area of the RNFL was measured in ImageJ and divided by the length of the RNFL across the field of view to determine thickness (equidistant from the optic nerve head across mice). For GCL neuron quantification, sections were stained with anti-NeuN antibody and subsequently imaged via fluorescence microscopy. The number of Neu-N positive cells in the GCL in individual fields of view were counted and divided by the length of the GCL using sections equidistant from the optic nerve head across mice. Statistical analysis was conducted with a one-way ANOVA followed by Tukey multiple comparison test.

### Electroretinography.

After overnight dark adaptation, mice were anesthetized under dim red illumination with 0.1 mg/kg ketamine and 10 mg/kg xylazine. Under anesthesia, both eyes were treated with 0.5% proparacaine followed by a mixture of 2.5% phenylephrine and 1% tropicamide for pupil dilation. The mice were kept warm using a 37°C heating pad (Deltaphase Isothermal Pads; Braintree Scientific). A gold reference electrode was electrically connected to the cornea of one eye and a platinum wire, mounted on a fiber-optic cable, was connected to the cornea of the other eye. Electrical continuity was made using hydroxypropyl methylcellulose (Goniosol). Light stimuli were delivered directly into the eye through the tip of the fiber optic. Stimulus intensity was controlled by calibrated neutral density filters, and stimulus wavelength was 500 nm (±5 nm; narrow band filter) or 505 nm (±17 nm; broad band filter). Responses were recorded from threshold up to light 1,000,000 fold brighter in darkness, and the photopic responses were recorded in the presence of rod-saturating background lights. Electrical responses were amplified (Astro-med CP122W; DC-300Hz) and digitized at 2 KHz (Real-Time PXI Computer; National Instruments).

### Antibodies used.

Rabbit anti-TDP-43 (Protein Tech), 1:1,000; rabbit C-terminal anti--TDP-43 (produced by G. Yu; UT Southwestern, Dallas, TX), 1:1,000 each; goat anti-Ran (Santa Cruz Biotechnology, Inc.), 1:200; and mouse anti-Ran (BD), 1:250--1:1,000.

### Immunostaining.

16-µm transverse sections of WT and *Grn*-KO mouse eyes were made from paraffin embedded tissue and mounted on silanized slides. After de-waxing and rehydration, sections were blocked for 1 h at room temperature in PBS/0.5% Triton/10% donkey serum. Primary antibodies were incubated with sections overnight at 4°C, and then slides were washed and stained with secondary Alexa Fluor--conjugated antibodies (1:300; Invitrogen) for 2 h at room temperature. After washing, samples were mounted with \#1.5 coverslips using Prolong-Gold antifade reagent with DAPI (Invitrogen). All fluorescent imaging was performed on an inverted confocal Ti microscope (Eclipse; Nikon) with a Nipkow spinning disk attachment and EM camera (Hamamatsu).

### Quantification of TDP-43 and Ran.

Sections from equal retinal eccentricity were imaged with a spinning disk confocal microscope, and fields of view of a similar distance from the center of the retinal sections were imaged. Acquisition settings were identical between samples, and all samples used for quantification were stained on the same day. Regions of interest were drawn around the DAPI-stained nuclei at the z-position center of the nuclei, and used to quantify mean intranuclear TDP-43 intensity. Cytoplasmic intensity of TDP-43 was determined by drawing a perinuclear region of interest in the cytoplasm. This mode of cytoplasmic intensity quantification was found to be more accurate than tracing around the entire cell soma, given the relatively high density of ganglion cells. Nuclear/cytoplasmic intensity ratios represent the mean nuclear intensity/mean cytoplasmic intensity per cell. For Ran quantification, intranuclear intensity was determined by drawing a ROI slightly inside of the nuclear envelope. Data were transformed into log~10~ intensity, and a mixed-model regression of the intensity variable versus genotype and/or age that controlled for clustering by mouse was applied to assess statistical significance in STATA.

### Transfection of cortical neurons with Ran mutants.

Postnatal day 0 rat cortical neurons were isolated and cultured in Neurobasal-A with B27. 3--5 d after isolation, they were transfected with human TDP-43-GFP + mCherry, mCherry-huRan, mCherry-huRanT24N, or mCherry-huRanQ69L. 1 d after transfection, neurons were fixed and imaged on a spinning disk confocal microscope. Images of mCherry-positive neurons were taken with the same acquisition settings across transfection groups, and the TDP-43-GFP signal in the nucleus and cytoplasm was quantified. Differences in nuclear/cytoplasmic ratio across groups was assessed with one-way ANOVA with Tukey's post-hoc analysis.

### Immunostaining of postmortem brains from human subjects with *GRN* mutations.

De-identified post-mortem brain tissue (left inferior frontal gyrus) from FTLD subjects with previously documented *GRN* mutations, deemed nonhuman subject material as per UCSF CHR guidelines, was obtained from the UCSF Neurodegenerative Disease Brain Bank. Tissue was embedded in paraffin and 10-µm sections were made. Antigen retrieval was performed using IHC World's antigen retrieval solution as per manufacturer's guidelines, followed by Sudan Black treatment and primary antibody incubation overnight at 4°C (anti--TDP-43, 1:3,000; Protein Tech; anti-Ran, 1:1,000; BD), followed by secondary antibody and DAPI-staining. For quantification of staining, confocal images of DAPI-stained nuclei, TDP-43, and Ran were taken at equal intensities across multiple fields of view in the cortex. Nuclear TDP-43 and Ran levels were quantified and analyzed as was done in mouse RGCs.

### TDP-43 RIP.

The TDP-43-RNA immunoprecipitation dataset was generated from pull-down experiments conducted as part of a previous study using the methods described therein ([@bib23]).

### TDP-43 knockdown, progranulin knockdown, Q-RT-PCR, and Western blot analysis.

N2A cells were grown in DMEM (low glucose) + 10% FCS and transfected with Mission TDP-43 shRNA construct \#752 or control shRNA construct (Sigma-Aldrich) via Lipofectamine 2000. 6--8 d after transfection, N2A cells were harvested for RNA or protein analysis. RNA was prepared via RNeasy columns (QIAGEN), transcribed into cDNA, and Ran or cyclophilin (control) RNA levels were analyzed via Q-RTPCR. Equal amounts of total protein from knockdown and control cells were immunoblotted against tubulin (loading control), TDP-43, or Ran, and then quantified using a Licor imaging system, with relative levels of Ran/tubulin quantified for each sample. For progranulin knockdown experiments, N2A cells were transfected with control siRNA (Thermo Fisher Scientific) or Grn\#1 siRNA. Greater than 95% knockdown was observed by Western blot and progranulin ELISA by 5 d after transfection. Samples were processed for Ran and TDP-43 quantification, as above. For Ran mRNA analysis of mouse retinas, whole retinas were isolated from freshly perfused mice and nonneuroretinal tissue was dissected away. RNA preparation and Q-RTPCR was performed as above.

### Longitudinal neuronal survival analysis.

Longitudinal survival analysis of individual GFP-transfected neurons was essentially performed as described previously ([@bib6]), with the following modifications: cortical neurons from postnatal day 0 wild-type or Grn KO mice were dissociated and plated on PDL-coated 96 well-dishes (microclear bottom dishes; Greiner) at a density of 90,000 cells/well in Neurobasal-A + B27 supplement. 3--5 d after plating, neurons were transfected via Lipofectamine 2000 with GFP + empty vector or GFP + mouse Ran cDNA at a ratio of 1:3 to ensure that all fluorescent cells co-expressed the second plasmid. The day after transfection, wells containing GFP-expressing neurons were imaged at 5× magnification with an automated microscope (Array Scanner XTI; Thermo Fisher Scientific). The same fields of view were reimaged every 24--48 h for a total of 7--9 d after transfection. Adjacent fields of view from individual wells were stitched together into montages via ImageJ, and a time series across days for each well was then generated using a custom-made macro in ImageJ. The survival of individual GFP-transfected neurons over time was then assessed by loss of GFP fluorescence. Kaplan-Meier and cumulative risk of death curves were made with R software, and statistical significance of differences in survival between cohorts of neurons was determined with the log-rank test. Tukey multiple comparison test was used for comparisons involving more than two groups.

### Rescue of neuronal TDP-43 expression.

Primary cortical neurons from postnatal day 0 wild-type or Grn KO pups were isolated and plated as described above. Neurons were transduced with AAV2-GFP (Virovek) or AAV2-GFP-P2A-human Ran (in which bicistronic GFP and untagged Ran co-expression is driven by a single chicken-β-actin-CMV promoter, with a P2A sequence separating GFP and Ran sequences). 7 d after transduction, neurons were fixed and immunostained with anti--TDP-43 antibody. Individual wells were imaged, and regions of interest of nuclei from GFP-positive cells were generated via Volocity from background-subtracted images. Using these regions of interest, integrated density measurements of total TDP-43 levels in each nuclei were then calculated. A mixed-model regression of the intensity variable versus genotype and AAV-vector that controlled for clustering by well was applied to assess statistical significance in STATA.

### Statistics.

Design and execution of statistical tests were done in collaboration with a professional biostatistician (J. Boscardin, University of California, San Francisco, CA). For human retinal imaging data and for nuclear and cytoplasmic TDP-43 and Ran immunostaining in retinal neurons and in cultured cortical neurons, significance was determined via mixed-effects linear regression analyses, accounting for interindividual, within-eye correlations in the human studies and intramouse clustering in rodent models. In experiments involving two comparison groups, unpaired two-tailed Student's *t* tests were used to assess for differences. In experiments involving more than two comparison groups, ANOVA test with post-hoc tests (Tukey or Bonferroni, as specified in the text) were used. For longitudinal neuronal survival analysis, cumulative risk of death curves were generated with R software, and statistical significance was determined with the log-rank test. P \< 0.05 was considered significant. Unless otherwise noted, statistical testing was performed using Prism and Stata 12.0 software.

### Study approval.

For retinal imaging, written informed consent was obtained from all participants with capacity; in subjects deemed unable to provide informed consent due to diminished capacity, written consent was obtained from a designated surrogate decision-maker and subjects provided assent. The study protocol was approved by the UCSF Committee on Human Research (IRB \# 11--05333). For studies involving mice, all procedures were approved by the Institutional Animal Care and Use Committee at UCSF (\#AN087501-02A) and UAB (\#101109282, \#130309617).

### Online supplemental material.

Fig. S1 shows clinical characteristics of human subjects who underwent retinal imaging. Online supplemental material is available at <http://www.jem.org/cgi/content/full/jem.20140214/DC1>.
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